PETERSON, L. N., MATHUR, S., and BORZECKH, J. S. 1992. Reset of the osmotic thfeshold for vasopressin in rats fed a low NaCl, K-free diet. Can. J. . Activation of the renin-angiotensin system induced by feeding a low NaCl, K-free (LS) diet is associated with polydipsia and a chronic reduction in effective plasma osmolality (efB,,,). We have recently shown h a t converting enzyme inhibition with enalapril (EP) abolishes polydipsia. The present study was designed to test the hypothesis that the osmotic threshold for vasopressin is reset in rats fed the LS diet and to examine the effect of EP on ambient and osmotically stimulated plasma vasopressin levels (PAvp). Animals were fed the LS diet or a control salt diet and treated with vehicle or the lowest dose of EP sufficient to prevent polydipsia (7.5 mg * kg-' . day-') in rats fed the LS diet. PAvp and eP,,, were measured under ambient conditions and after osmotic loading. Urine osmolality (U,,,) was measured under ambient conditions and after water loading. The chronic reduction in eWo,, in LS rats was associated with the excretion of a U, , , 1 -2 times greater than the corresponding Po,,, PAvp similar to controls (LS, 2.27 f 1.08 vs. control, 1.19 f 0.22 pg/mL) and the ability to excrete a water load. Following osmotic loading, ePOsm and PAvp increased significantly and similarly in both LS and control rats. EP administration had no effect on water intake, ambient ePo,, and PAvp, and the AVP response to osmotic loading in rats fed the control diet. EP prevented polydipsia in LS rats, however it had no significant effect on ambient or osmotically stimulated PAvp or ePos,. These results provide evidence that the osmotic threshold for AVP is reset in rats fed the LS diet and dthough converting enzyme inhibition has a profound effect on water intake, angiotensin %I does not appear to be the o d y variable affecting the osmotic threshold for AVP release.
Introduction
Previous work has established that acute increases in bloodborne angistensin I1 (ANG 11) increases water intake, vasopressin (AVP) release and blood pressure in experimental animals (Fitzsimons 1985; Franci et al. 1989 ; Johnson et d. 1986 ; Mann et d. 1987) . Also, acute administration of ANG I1 has been shown to induce thirst, stimulate release of AVP, and to increase the slope of the Pa, versus BAva relationship in humans (Phillips et a1 1985; Wade et al. 1986) . What is the evidence that endogenous ANG I1 has a significant effect on the regulation of water intake and vasopressin release?
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Although endogenous ANG I1 has rn effect on basal water intake, it is the single controlling factor accounting for increased water intake in animals in which there is activation of the renin-angiotensin system induced by feeding a low NaCl, K-free diet (Saikaley et d 1986; McKay et al. 19981 , and in animals with vitamin D-induced chronic hyprcalcemia (Mathur et al. 19SIO ). In addition, ANG I1 largely accounts for increased water intake in response to dehydration (Franci et al. 1989) . However, there is no evidence that chronic changes in endogenous AN@ 11 alters the "osmotic threshold" of AVP release.
In previous studies, we demonstrated that the chronic reduction in effective plasma osmoldity (efPo,,) in rats fed a low 0 CONTROL PIG. 1. Average water intake calculated for days 4 and 5 in rats fed the low NaCl, K-free (LS) or control diet with and without endapril (EP). Number of animals in each group: control, 19; control + EP, 11; ES, 17; ES + EP, 9. p < 0.01 vs. all other groups. NaC1, K-free (ES) diet was not due to increased water intake since a low ePos, was also observed in the same animals made normodipsic by stereotaxic lesion of the subfornical organ (Saikaley et al. 1986 ), or by administration of a converting enzyme inhibitor (McKay et al. 1990 ). In addition, rats fed the LS diet also had a normal capacity to excrete a water load over a 4-41 period of observation (LS, 108 f 14.4%; control, 99 + 4. 1% of the water load excreted; McKay et al. 1990 ).
These results thus suggested the existence of a 'keset" of the and body weight were measured at the same time each day. After 3 days (study days 1 -3 , half of the animals in each group were treated with EP until the end of the study. Water consumption was recorded on days 4 and 5. On day 4, at 18:W h, a sample of spontaneously voided urine was collected and a water load (2 rnL/IW g BW) was administered by gavage. The animals were placed in metabolic cages and urine was collected for the next 4 h.
At the end of the study on day 7 at 1O:OO h, to obtain basal values of P, , , and efP, , , , , half the animals (unstressed) were decapitated. Free-flowing tm& blood was collected into one set of chilled tubes containing EDTA for measurement of AVP and a second set of tubes containing heparin for measurement of P, , , creatinine, urea, glucose, aund electrolytes. In the remaining animals on day 7, to determine the response to osmotic stimulation, Na,S04 (1QW rnosmol/kg H28) was administered intraperkoneally (2 rnL/10@ g BW) 30 min before decapitation. Samples for AVP and osmolality, serum chemistries, and electrolytes were obtained as above. These animals were also subjected to the previous measurements of urine osmolality and water loading experiments as described above.
Analytical methods
The osmolality of heparinized plasma and urine samples was measured using a freezing point depression osmometer (pOsmette, model 5W4, Precision Science, MA). Plasm [Nag was measured using an ion-sensitive electrode (Na K Analyzer, model 614, Ciba Corning, Medfield, Mass.) and plasma [C13 by electrotitration (Chloride Analyzer, model 965, Ciba Corning). Plasma urea, glucose, and creatinine concentrations were measured using an AutoAnalyzer (Kodak Ektachem, model 7QO, Kodak Industries, Rochester, WY) . Plasma vasopressin was measured by radioimmnoassay assay (Dr. Daniel Bichet, WGpital du SacrC-Coeur, Montreal, QuCbec ). The AVP assay laboratory was blind to the source of each sample. osmotic threshold fo;;asopressin in rats fed the LS diet.
Calcukations and statistical analysis
At least four criteria are necessary to demonstrate the reset- Second, the osmolality of the urine excreted under ambient conditions should be eauivalent to or greater than the corWhen ody two treatment groups were involved in the experiment, responding value measuied in the plas&. Third, AVP levels should increase in response to osmotic loading, and fourth, AVP should be suppressed by water loading evidenced by appropriate dilution of the urine. The present study was designed to test the hypothesis that the osmotic threshold for vasopressin is reset in rats fed the LS diet and to examine the effect of converting enzyme inhibition on ambient and osmotically stimulated PAVp levels.
Methods

Animals, diets, and the co~zvepbing enzyme inhibitor
Experiments were performed in 70 male Sprague-Dawley rats (Charles River, QuCbec) weighing between 253 and 450 g. The animals were housed in individual cages and allowed free access to f w d and water. The LS and control salt diets were prepared in our laboratory by the addition of a salt mixture to a basal "eBectroHytefree" diet (modified TD72105, TeUad Test Diets, Madison, WI) as previously described (Saikaley et al. 1986; McKay et al. 1990 ). Rats drank water containing emlapril (EP, provided by Merck-Frosst Canada, MontrCal) dissolved in 0.1 % ethanol or the vehicle done, i.e., 0.1 % ethanol. The concentration of enalapril in the drinking water was adjusted to the water intake and body weight of the animal (measured daily) to achieve the daily dose of 7.5 mg/kg.
Profocol
Prior to the study, all of the animals were fed the control diet for 2 days, at which time they were randomly divided into two groups. Half of the rats were fed the LS diet, the other rats continued to consume the control diet. Water (containing 0. % % ethanol) consumption Student's b-test for paired or unpaired data was used to assess the statistical significance of the difference between the means. In all other cases, one-way analysis of variance with the least significant difference multiple comparison test was used t ee determine the shtistical significance of differences between group data. To determine the separate effects of diet, drug, and (or) osmotic loading, the results were analyzed by multivariate analysis of variance. A probability value of p < 0.05 was considered to be statistically significant.
Results
Eflect sf enalaprib m water intake
In rats fed the ES diet, water intake increased significantly on the third day of study (control, 9.4 f 0.24 (n = 38), LS, 14.7 f 1.83 (n = 26) mLifO0 g BW per day, p < 0.81).
Afier initiation of EP treatment on day 4, water intake decreased only in the LS rats receiving EP, while water intake remained elevated in the ES rats given the vehicle. There was no change in water intake in rats fed the control diet in response to EP administration. The results were virtually the same on day 5. Average water intake calculated for days 4 and 5 of the study is summarized in Fig. 1 . Multivariate analysis of variance indicated that the LS diet stimulates water intake and that EP has an effect on water intake only in rats fed the LS diet. Plasma osmolality and concentrations of Cl, Na, creatinine, urea, and glucose in rats fed the LS or control diet treated with or without EP are summarized in Table 1 . Po,, was significantly reduced in rats fed the ES diet given vehicle compared with both groups of rats fed the control salt diet. Although , and EP had no effect on this variable. Feeding the LS diet was associated with an increase in plasma creatinine concentration, and multivariate analysis of variance indicated that treatment with EP did not have a significant effect in either dietary group. AS in the case of water intake, there was interaction between the LS diet and EP on plasma concentration of urea, which increased only in rats fed the kS diet treated with EP. There were no significant differences in plasma glucose concentration among the exprirnental groups. Ambient U,,, and the results of water loading experiments arized in Table 2 . Ambient U,,, in both dietary groups was higher ( p < 0.05) than the corresponding value of Po,, (Table 1 ). In rats fed the LS diet, ambient U,,, was lower compared with the control rats. Treatment with EP had no effect on ambient urine osmolality in rats fed the LS diet, however, ambient urine osrnolality was lower in rats fed the control salt diet treated with EP compared with control rats given the vehicle. Following administration of a water load by gavage, the osmokality of a pooled urine sample collected over the subsequent 4 h was reduced in ail of the rats compared with the ambient U,,,. In rats fed the control diet, U,,, of this sample was equivalent to the corresponding value sf Po,, (Table 1) .
Failure to reduce U, , , below Po,, can be attributed to mixture of urine with a high osmolality prior to administration of the water load (Table 2 ). However, in rats fed the LS diet, U, , , of this sample was significantly lower than Po,, measured in the same animal ( p < 0.081). Effective dilution of the urine was more evident in rats fed the LS diet since U, , , before administration of the water load was significantly less than that measured in the control rats ( Table 2) . As in the ease of the ambient urine sample, U,,, after the water load was lower in rats fed the LS diet compared with the controls and EP treatment had no effect in either dietary group. As shown in Table 2 , rats fed the LS diet given the vehicle excreted a similar percentage of the administered water load compared with the control rats. In addition, rats fed the LS diet treated with EP excreted a larger percentage of the administered volume.
Vasopressin measurements
Effective Po,, and corresponding AVP measurements under ambient conditions and after osmotic loading in rats fed the LS or control diet treated with or without EP are summarized in 
Discussion
Figs. 2 and 3, respectively. Under ambient conditions efP0,, was significantly lower in rats fed the LS diet given vehicle compared with rats fed the control diet with or without EP (Fig. 2) . It is clear that EP had no effect on ePos, in rats fed the control diet. efP,,, increased in LS rats treated with EP to such an extent that the measured values were no longer different from those measured in rats fed the control diet. However, the difference in efPos, between rats fed the LS diet treated with or without EP was not statistically significant.
Despite the significant reduction in efPo,,, rats fed the LS diet given vehicle had AVP measurements similar to those measured in rats fed the control diet (Fig. 2) . The mean vdues under ambient conditions ranged from 1.19 to 2.32 pgimL in the four treatment groups. Administration of EB had no effect on AVP levels in either dietary group.
Administration of the intraperitoneal osmotic load led to a significant increase in efP,,, in d B four groups (Fig. 3) ( p < 0.05). Multivariate analysis of variance showed that the measured vdues were similar and unaffected by dietary or EP treatment. As illustrated in Fig. 3 , AVP levels increased significantly in all four groups by the osmotic load (vs. ambient-ANOVA with eight groups, p < 0.85) and there was no effect of diet or EP on this variable (multivariate ANOVA).
The results of the present study provide evidence that AVP release is reset to a lower vdue of eP,,, in rats fed a LS diet. We have established that efP,,, is reduced, that AVP is present in plasma. and that the animals elaborate a urine with an osrnolality greater than plasma. In addition, evidence is provided that AVP can be stimulated by osmotic loading, and suppressed by water loading to permit the excretion of a urine with an osmoldity significantly less than plasma.
The factors affecting AVP release have been reviewed elsewhere (Berl and Schrier 1992; Bichet et dal. 1992; Peterson 1989; Robertson 1991) . Conceptually, the "osmotic threshold9' can be defined as that value of efP,,, at which PAvp is no longer sufficient to promote free water reabsorption by the kidney. Practically it has been defined as the value of efPb,, at which PAvp can no longer be detected by radioimmunoassay, which in the present study is 0.5 pglml . The osmotic threshold is several milliosmsles per kilogram of H20 below the steady-state or ambient efPos,. In the present study a change in the osmotic threshold has been inferred from a sustained reduction in ePos, at which PAvp is clearly within the range of vdues measured in control animals.
It is well established that the osmotic threshold for AVP release is relatively constant in an individual and that it can be affected by several factors, e. g . , reduced effective circulating volume (neurogenic pathways involving circulatory baroand volume receptors) and pregnancy (hormonal via human chorionic gonadotropin, Davison et al. 1988) . In most cases of marked extracellular fluid (ECF) volume contraction, altered baroreceptor activity and activation of the renin -angiotensin system coexist, making it difficult to assess the separate effects of each pathway on AVP release. For example, in chronic chloride depletion metabolic dldosis, there is a reduction in efP,,,, primary polydipsia, and reset of the osmotic threshold for AVP demonstrated by regression analysis of the relation between Po,, and PAvp (Peterson et al. 1988) . Associated with these changes was a marked rise in plasma renin activity. As mentioned previously, although acute administration of ANG H I can stimulate release of AVP and has been shown to increase the slope of the Po,, versus Pavp relationship in humans (Phillips et al. 2985) , there is no evidence that chronic changes in endogenous ANG 11 alter the osmotic threshold of AVP release.
Is it possible that chronic stimulation of AVP by ANG I1 mediates the reduction in efP,,, in rats fed the low salt diet? One of the aims of the present study was to test the hypothesis that increased ANG I1 mediates the chronic reduction in eR,, in rats fed the LS diet. The lowest effective dose of EP was chosen to minimize the confounding effect of hypotension on AVP release. Although ipulation of the angiotensin system by the converting enzyme inhibitor in the present study again demonstrates the central importance of endogenous ANG I1 on water intake, the results clearly show that ANG II is not the only factor involved in the regulation of AVP. Following administration of EP to rats fed the LS diet there was a slight but not statistically significant increase in eWo,,. It is possible that increased ANG I1 in rats fed the LS diet given the vehicle does stimulate AVP and mediates the reduction in e%,,; however, after administration of EP to rats fed the LS diet, drug-induced hypotension (Mimran et al. 1988) via neurogenic pathways leads to sustained stimulation of AVP, thereby obscuring the effect of reduced ANG 11. It is clear that the effect of EP treatment to prevent polydipsia in these animals is unaffected by the presence of drug-induced hypotension. On the other hand, it is possible that a chronic increase in ANG H I does not have a major effect on the control of AVP. There is other evidence that suggest different regulatory mechanisms for thirst and AVP. For example, although the reduction in Po,, that occurs in rats fed the LS diet follows the same time course as the increase in water intake, stereotaxic lesion of the subfornical organ prevents polydipsia but does not prevent the significant reduction in Po,, (SaiMey et al. 1986 ). In addition, in hypercalcemic animals, increased water intake, which can be prevented using a converting enzyme inhibitor, occurs in the absence of any change in eW, , , , (Mathur et al. 1990) .
Is it possible that redistribution of Na from ECF to intracellular fluid (ICF) secondary to dietary-induced loss of K is responsible for the reset of the osmotic threshold for AVP release in rats fed the LS diet? It has been suggested that cellular redistribution of Na in K-depleted subjects can contribute to the presence of hypnatremia (Laragh 1954; Fichman et al. 1971) . In this regard the following should be noted, redistribution of Na into cells to replace lost K will not result in a reduction in body fluid osmolality. A sustained reduction in effective osmolality of body fluids in subjects who can dilute and concentrate their urine normally must involve an alteration in the driving forces for AVP release, i.e., "reset of the osmotic threshold." In one of the studies (Fichman 19711 , K depletion was induced by administration of a thiazide diuretic, which caused a significant degree of effective circulating volume depletion and metabolic alkalosis. Most of these patients were also polydipsic. Because thimide diuretics impair diluting ability but not urine concentrating ability, they are much more likely to cause hyponatremia. In addition, volume depletion of the degree noted in this study is capable of causing altered AVP release via baroreceptor and volume receptor pathways. In a more recent study by Friedman et d (2989) , the patients who developed hyponatremia following a single dose of a thimide diuretic were polydipsic and significantly hypoosmotic before the study began. High water intake in the presence of the thiazide caused more marked hyponatrernia, which could have been prevented if water intake had been restricted. The partial correction of hyponatremia in six edematous patients with long standing liver or cardiac disease by the administration of KC1 does represent the exchange of ICF Na for ECF K, but may not have reflected a change in eP,,,,, which was not measured. In this study, ECF osmolality had to have been increased initially due to the adrmainistration of K orally (20% solution). The results of these studies although interesting can not be compared with those of the present study. The sustained reduction in effective circulating volume in patients with cirrhosis or congestive heart failure has been shown to be the major factor contributing to AVP release (i.e., sustained hypotonicity) in these clinical settings Bichet et al. 1992 ). In summary, there is no evidence that redistribution of Na from ECF to ICF secondary to ICF K loss per se can cause reset of the osmotic threshold. A sustained reduction in efPo,, in animals capable of diluting and concentrating urine normally, as demonstrated in the present study, must be due to altered release of AVP and not to distribution of Na into the intracellular compartment.
Why did treatment of rats fed the LS diet with EP cause an increase in plasma urea concentration in the absence of a further increase in plasma creatinine concentration? Previous studies have shown that lower doses of converting enzyme inhibitors (e.g ., enalapril, 1, 3, and 6 mg . kg-' . day -I), stimulate water intake in rats fed a control diet, while higher doses of 20 and 40 mg . kg-' * d a y -h r e not dipsogenic (Rowland and Fregly 1988; M c b y and Peterson 1990 ).
However, the dose of 40 mg . kgsi . day-' was associated with renal insufficiency in rats fed the LS diet and the data indicated the existence of hypotension in both dietary groups. Since changes in baroreceptor and volume receptor activity can alter AVP release, we determined the minimal dose of the converting enzyme inhibitor sufficient to prevent plydipsia in rats fed the LS diet. The dose of '3.5 mg . kgm -day -a prevented polydipsia in rats fed the LS diet, and had no significant effect on water intake, plasma creatinine and urea concentrations, and effective P, , , in rats fed the control diet. The results of the present study using larger numbers of animals revealed that feeding the LS diet was associated with increased plasma creatinine concentration (decreased glomerular filtration rate (GFR)), and the lower dose of EP did not worsen renal function. The association between dietary K depletion and reduced GFR is well known (Gutsche et d. 1984) . Despite the fact that plasma creatinine concentration was increased in rats fed the LS diet, plasma urea concentration was elevated only in the LS rats treated with the converting enzyme inhibitor. It may be that polyuria in the rats fed the ES diet given the vehicle tended to normalize plasma urea concentration by diminishing urea reabsorption in these polydipsic animals with rend insufficiency. After initiation of EP treatment and the cessation of polydipsia and consequently polyuria, urea reabsorption would return to normal thus allowing the plasma urea concentration to increase. These changes were not observed in rats fed the control diet, which had no evidence sf renal insufficiency.
The significant decrease in ambient U,,, in control rats treated with EB may be due to increases in medullary blood flow secondary to converting enzyme inhibition (Cupples et al. 4988 ). Random U,,, in rats fed the LS diet was significantly lower than control rats and EP had no further effect. The renal concentrating defect associated with K depletion has been shown to be due to defective thick ascending limb NaCl reabsorption (Gutsche et al. 1984; McKay and Peterson 1991) .
In conclusion, the results of the present study provide evidence that AVB release is reset to a lower value of eP0,, in rats in which the renin-angistensin system is activated by feeding a low NaCl, K-free diet. Although converting enzyme inhibition has a profound effect on water intake, the data indicate that ANG I% is not the only variable affecting the osmotic threshold for AVP release.
